Following recent phylogenetic studies of the families and genera of Dioscoreales, the identification of monophyletic infrageneric taxa in the pantropical genus Dioscorea is a priority. A phylogenetic analysis based on sequence data from the plastid genes rbcL and matK is presented, using 67 species of Dioscorea and covering all the main Old World and selected New World lineages. The analysis used 14 outgroup taxa, including Trichopus Gaertn., Tacca J.R. & G. Forster, Stenomeris Planch., Burmannia L. and Thismia Griff. The main findings are: a) that a clade of rhizomatous taxa is sister to the rest of Dioscorea; b) the main Old World groups (such as the right-twining D. sect. Enantiophyllum) are monophyletic and c) there are two distinct lineages among the endemic Malagasy taxa. The consequences of the results for infrageneric classification of Dioscorea is considered, in particular the possibility of greatly simplifying the classifications of Knuth and Burkill. The results are also used to present novel hypotheses of character evolution in selected underground storage organ, inflorescence, fruit and seed characters and to discuss the origins of diversity in Dioscorea.
Dioscoreales are one of the most critical taxa in monocot systematics (Chase 2004 and references therein) . Since the revolution in that field stimulated by the works of Huber (1969) and Dahlgren et al. (1985) , the composition and relationships of the order have been the subject of an increasing level of study. In particular, the recent research of Caddick et al. (2002a; 2002b) , using morphological and sequence data (from three genes), has demonstrated conclusively that the order comprises three families: Nartheciaceae, Burmanniaceae, and Dioscoreaceae. All are relatively small families (Kubitzki 1998) . The largest of these in terms of number of species, Dioscoreaceae, comprise four genera (Caddick 2002a (Caddick , 2002b . Three are monoecious and contain relatively few species. Tacca J.R. & G. Forst. (at least ten species) has a unilocular ovary with many ovules; unlike most taxa in the family it does not climb but is a herb with a short stem. Stenomeris Planch. (two species) is a climber with a trilocular ovary with many ovules; it forms a three-winged, dehiscent capsule at least 25 cm long. Its flowers have an urceolate torus, with the stamens inserted towards the torus mouth and reflexed into it. The third monoecious genus, Trichopus Gaertn. (two species), possesses an ovary with two ovules in each of three locules, with up to five ovules aborting during the development of an irregularly dehiscent to indehiscent fruit. Its hypanthium is relatively small and not urceolate. Dioscorea L., the only dioecious genus, comprises ca. 450 species and has a trilocular ovary with two ovules per locule like Trichopus, but it lacks the complex arrangement of expanded stamen connectives and the ''umbrella-like'' stigma of that genus. With the generic and familial limits now better understood, the main systematic challenge in terms of biodiversity in Dioscoreales is Dioscorea. Dioscorea is also by far the most geographically widespread taxon, being almost ubiquitous in tropical and subtropical regions, with a few species being found in temperate areas. Species of Dioscorea are of significant importance as food (mainly in the form of their starchy tubers or ''yams'') and pharmaceuticals (e.g., corticosteroids and the contraceptive pill; Coursey 1967) .
Dioscorea has presented a challenge to systematists for many years due to its great morphological diversity, dioecy, and small flowers. The first taxonomic treatments of significant numbers of species were those of Kunth (1850) and Uline (1898) . The last complete monograph was published by Knuth (1924) . Using a typically narrow ''Pflanzenreich'' species concept, he recognized ca. 600 species and divided them into four subgenera based on seed wing position, and then into 60 sections. However, when studied by a contemporary systematist, it is clear that many of Knuth's infrageneric taxa are clearly para-or even polyphyletic, for example the Old World compound-leafed species studied by Wilkin and Caddick (2000) and Wilkin (1999) . Knuth divided these taxa into three sections and 51 species based on geography. The research cited above showed that there are approximately 18 species that can be be divided into two groups with clear morphological differences between them. Knuth even managed to place a single species in different sections under two different names (D. cochleari-apiculata De Wild. in sect. Botryosicyos (Hochst.) Uline and the synonymous D. stolzii R. Knuth. in sect. Lasiophyton Uline). Therefore, a reappraisal of Knuth's classification is needed.
The taxonomic ideas of Knuth were to some extent refined and improved by Burkill (Prain and Burkill 1936, 1938; Burkill 1939 Burkill , 1951 Burkill , 1952 Burkill , 1960 Burkill and Perrier de la Bâthie 1950) . He had a thorough knowledge of the tropical African and Asian species of Dioscorea and based his classification on an intimate knowledge of their morphology and ecology derived from many years of study of herbarium specimens and living plants. However, his knowledge of species from China, Madagascar, and the New World was restricted to herbarium material. In his infrageneric classification of the Old World taxa, Burkill avoided the rank of subgenus, and instead divided some 220 species into 23 sections. Like Knuth, he emphasized seed characters, but he added underground organ morphology and development and male inflorescence morphology to the character set used. This resulted in a classification more complex than that of Knuth, but one with a tendency to separate taxa using what now appear to be autapomorphies. Since 1960, the genus has been the subject of piecemeal floristic studies (e.g., Miège 1968; Milne-Redhead 1975; Tellez and Schubert 1994; N'Kounkou 1993; Miège and Sebsebe 1998; Ding and Gilbert 2000) . The only complete taxonomic treatment was that of Huber (1998) , in which the Knuth/Burkill system of classification was recapitulated, with all of the dioecious taxa of Dioscoreaceae included in subfamily Dioscoreoideae as ''genera and genus-equivalent sections'' (Huber's terminology). Although this idea was novel, the flaws inherrent in the treatments of Knuth and Burkill meant that many of the taxa used were not systematically sound, and the decision to raise them all to generic rank was subjective.
Our assessment of these studies of Dioscorea indicated that the systematics of the genus needed complete revision, and that the revision should use cladistic analysis of DNA sequence data for a significant number of species of the genus. The aim was to discover phylogenetic patterns of relationship and, in particular, to produce monophyletic infrageneric entities. Recently published examples of similar systematic research on large genera include Manos et al. (2001) , Goldblatt et al. (2002) , Perret et al. (2003) , . As in , it was hoped that this approach could also be helpful in beginning a new phase of searching for wild relatives of the main cultivated yams and medicine providers, and thus assist plant breeders, pathologists, phytochemists, and other applied biologists. A partial dataset for plastid rbcL already existed from those taxa sampled by Caddick et al. (2002b) , and matK was selected to provide further resolution following its successful use in other studies of monocot taxa (e.g., Fuse and Tamura 2000; Gravendeel et al. 2001; Ge et al. 2002) . The main systematic hypotheses to be evaluated were the monophyly of Dioscorea and Knuth and Burkill's sections of Dioscorea, towards the aim of constructing a classification based on the principle of monophyly.
The generation of a phylogenetic tree for Dioscorea based on sequence data, and therefore independent of morphology, also allowed morphological character evolution to be explored. Similar studies have been undertaken, by, for example Cameron et al. (2001) for pollen morphology in Malphigiaceae and Allen et al. (2003) and Lamb Frye and Kron (2003) for selected macromorphological characters in Erythronium L. and Polygonaceae, respectively. Tuber morphology, stem twining direction, dioecy, and fruit/seed wing shape are among the most important characters in the systematics of Dioscorea. A broadly sampled tree also allows biogeographical hypotheses to be evaluated, such as Burkill's (1960) suggestion that there are two independent lineages in Madagascar; a group with deeply buried tubers and seeds winged at the base only and another with shallowly buried tubers at the end of long roots and seeds winged all round the margin. Overall, this study represents the first step in understanding the diversity of Dioscorea in a phylogenetic context.
MATERIALS AND METHODS
Taxon Sampling. This study sampled 50 paleotropical species of Dioscorea, covering all of the main lineages evident from the infrageneric classifications of Knuth (1924) and Prain and Burkill (1960) and from the authors' own study of morphology (Table 1) . Material from Thailand was particularly important in achieving this aim; the Thai flora contains almost all of the Asian species groups. There is also a sampling bias towards Madagascar. Both of these areas have high numbers of Dioscorea species per unit area: approximately one species per 12,000 km 2 in Thailand and one per 14,500 km 2 in Madagascar, while there is one species per 53,000 km 2 in Zambia and one per 50,000 km 2 in Malesia (Malaysia, Indonesia, the Philippines and New Guinea). Seventeen Neotropical species were included. Although it would be desirable to include more taxa from this region, the topology obtained was congruent with that of previous studies sampling more New World species (Raz, unpublished data; Bharathan et al. 2001) . To significantly improve the sampling and support of the trees would mean two or three years more work, especially field collection. A total of 14 outgroup taxa were used from Tacca, Trichopus, and Stenomeris in Dioscoreaceae and Burmannia L. and Thismia Griff. in Burmanniaceae. Although they clearly nest within Dioscorea (Caddick et al. 2002b) , some taxa formerly placed in Tamus L. and Rajania L. lack names in Dioscorea and are referred to by their published name with Dioscorea in parenthesis. New combinations will be made in due course.
DNA Extraction, Amplification, and Sequencing. DNA was extracted from c. 0.5-1.5 g fresh, 0.1-0.2g silica-gel dried leaves (Chase and Hills 1991) , or 0.1-0.2 g leaves from herbarium sheets using a 2X CTAB method modified from Doyle and Doyle (1987 ( DNA was precipitated in 2.5 vol. ethanol or 2/3 vol. isopropanol for herbarium dried specimens. DNA samples were purified on CsCl 2 /ethidium bromide gradients (1.55 g/ml) and stored at Ϫ20ЊC. For problematic samples, a 150 l aliquot of DNA was cleaned and concentrated using a 'Wizard' mini-column, following manufacturer's instructions (Promega, Crawley, West Sussex, UK).
Amplification of rbcL was undertaken in two halves using the primers 1F, 724R, 636F, and 1360R as described in Caddick et al. (2002b) . These four primers were also used for sequencing.
Amplification of matK was carried out in the same manner as Salazar et al. (2003) , using the 50 l reaction method with PCR master mix. In addition to the Ϫ19F and 2R primers used to amplify the whole matK-trnK region, the internal primers 390F and 1326R were also used for some problematic amplifications and all sequencing (Cuénoud et al. 2002) . Most taxa were amplified successfully with a premelt of 2 mins 30 secs at 94ЊC, followed by 28 cycles of 1 min denaturation at 94ЊC, 45 secs annealing at 52ЊC, 2 mins 30 secs extension at 72ЊC, plus a final extension of 7 mins at 72ЊC. For problem taxa, a 4 min premelt was used, followed by 30 cycles of 1 min at 94ЊC, 1 min at 52ЊC, 2 mins 30 secs at 72ЊC, and a 7 minute final extension at 72ЊC. in these cases, each 50 l reaction contained 6 l 25 mmol/L MgCl 2 , 5 l 10x Mg-free DNA polymerase buffer (Promega, Madison, Wisconsin, USA), 2 l 0.4 % bovine serum albumen (BSA), 1 l 10 mmol/L dNTP, 0.7 l each primer, 0.5 l 5 units/l Taq DNA-polymerase (Promega), 2 l template DNA and 32.1 l ddH 2 0.
All PCR products were cleaned using 'Wizard' mini-columns, following manufacturer's instructions (Promega, Crawley, West Sussex, UK). Amplification products were sequenced directly with modified dideoxy cycle sequencing with dye terminators according to the manufacturers' protocol (Applied Biosystems, ABI, Warrington, Cheshire, UK). Sequencing reactions were run on an ABI 377 automated sequencer according to the manufacturer's protocols. Sequence files were edited and assembled using Sequence Navigator and Autoassembler (ABI) or Sequencher 4.1 (Gene Codes Corp., Ann Arbor, Michigan, USA). Low numbers of insertions and deletions in matK and their absence in rbcL made alignment by eye possible. The part of the trnK intron sequenced was not used in analyses. Coding of indels as presence/absence characters was not undertaken. The matrix is available on email request from PW and MWC. All sequences have been submitted to GenBank and the aligned data matrix to TreeBASE (study accession S1370, matrix accessions M2432).
Analyses. Parsimony analyses were carried out using PAUP* 4.0b10 software (Swofford 2001) . For rbcL, missing data at the 3Ј and 5Ј ends were excluded such that only base pair positions 31-1398 were used. Similarly, base pair positions 1-32 were omitted from the matK analysis. All characters were treated as equally weighted. The species of Burmannia and Thismia (Table 1) were specified as the outgroup following the tree topology obtained in Caddick et al. (2002b) . A heuristic search consisted of 1000 random taxon-additions and tree-bisection-reconnection (TBR) branch swapping but holding no more than 10 trees per replicate to avoid swapping on large numbers of suboptimal trees, with the MulTrees option in effect. Branches were collapsed if minimum length ϭ 0 (''amb-''). The trees generated were then used in a second phase of analysis with no tree limit in effect. Support for clades was estimated using the bootstrap (Felsenstein 1985) , which consisted of 1000 bootstrap replicates, simple taxon addition, and TBR branch swapping. Again, no more than 10 trees were saved per replicate. Groups were retained with bootstrap percentages (BP) Ͼ50%.
Morphological Character Optimization. In addition to the DNA datasets, the following macromorphological characters and states were optimized onto the tree presented here using MacClade 4.05 (Maddison and Maddison 2002) ; the characters were not not used in the combined analysis because there are too few of them to have an effect.
1. Underground parts rhizomatous (0), perennial tuber (1), annually replaced tuber (2). 2. Plants with all flowers hermaphrodite (0), plants dioecious (1) (terminology follows Richards 1986). 3. Stem twining direction left (0), right (1). 4. Fruit a dry, thin-walled capsule (0), fruit a fleshy berry, at least until submature (1), fruit a leathery berry (2). 5. Seed winged all round margin (0), seed wing basal only (1), seed wing apical only (2), seed winged only at base and apex (3).
Character state data were obtained from the authors' personal observations. All of the characters were important parts of the infrageneric classifications of Dioscorea of Knuth (1924) and Burkill (1960) . Underground part morphology was used to delimit sections extensively by Burkill, but only to a very limited extent by Knuth. Both used dioecy as a character to delimit Dioscorea. Stem twining direction exhibited a particularly clear division between two groups of Burkill's Old World sections. Fruit morphology was used to separate Rajania and Tamus from Dioscorea since the era of Linnaeus. Burkill (1960) also used the presence of fleshy capsule walls to define D. sect. Pachycapsa Burkill & H. Perr., and seed wing position used by all authors as far back as Kunth (1850) as a generic or subgeneric character. Thus the character optimization was was seen as a valuable exercise at this point in our understanding of Dioscorea phylogenetics, particularly for assessing the congruence of characters used to define existing infrageneric taxa with the trees obtained in this study, or at least those parts with good support.
RESULTS
Separate analyses of the rbcL and matK datasets were undertaken first. Tree statistics for these analyses are shown in Table 2 No hard incongruence (i.e., incongruence with high BP) was observed in the bootstrap consensus trees obtained for the two genes, so the datasets were combined. This approach is the same as that followed in, for example, Whitten et al. (2000) , Reeves et al. (2001) and Simpson et al. (2003) . One tree from the combined plastid gene analysis is presented in Fig. 1 . This is based on a final alignment of 3,321 sites, of which 1,041 are variable and 680 (20.5 %) po- (BP 53) . Overall, the degree of resolution of these taxa by matK and rbcL is mixed, with a significant polytomy at the node above D. tentaculigera and a number of unresolved taxa, but two well-supported subclades within the B clade can be identified (Malagasy and Enantiophyllum). Dioscorea tentaculigera is sister to all of the B clade taxa, on a rather long branch. The first of the two main subclades is one wholly comprising endemic species from Madagascar (Malagasy; BP 91). It can also be seen that it is further divided into two strongly supported sister clades. The first, with three taxa, is relatively divergent from the rest. sect. Stenophora to the rest of Dioscorea has appeared in every analysis of Dioscorea to date, highlighting the pivotal position of the section in the systematics of the genus. This study is the first in which there is BP support for this topology. Dioscorea sect. Stenophora was divided into two taxa by Knuth (1924) , D. sect. Eustenophora R. Knuth and D. sect. Macropoda Uline. Burkill (1936, 1960) united them, and suggested their importance in the evolution of the genus. What he could not have known was their degree of sequence divergence from the rest of Dioscorea, indicated by the data from the two plastid genes studied here (Fig. 1) . All 20-25 species of this taxon have underground parts consisting solely of a branching horizontal rhizome. In this respect they are similar to Trichopus sempervirens and several members of Tacca. Figure 2 shows underground part morphology optimized onto the tree in Fig. 1 . The optimization of flower sex is shown in Fig. 3 . Dioecy is clearly a synapomorphy for the genus Dioscorea. However, several species of D. sect. Stenophora display polymorphism for this character: a few immature capsules occurring on a male plant, or male flowers on a female inflorescence (e.g., (Sosa et al. 1987) , which are also members of early branching clades. This indicates that the developmental mechanisms that control floral development are not as stable in these clades as in the rest of Dioscorea. As currently understood, the species of D. sect. Stenophora are restricted to temperate and subtropical areas of the northern hemisphere, through the Caucasus, Himala- (Wilkin et al. 2002) . The diversity and pantropical distribution of Dioscorea as a whole (ca. 450 species) when compared with the restricted distribution and fewer spe-[Volume 30 SYSTEMATIC BOTANY cies of D. sect. Stenophora suggest that the origins of the diversity may lie in the combination of dioecy and tuber possession, but not dioecy alone. Burkill (1960) suggested that the evolution of the ability to inhabit niches with limited or more seasonal rainfall was the most important factor promoting diversity in Dioscorea, not dioecy. Dioscorea is light-demanding, but of insufficient stature to be a major element of wet tropical forests. Consequently selection favoured forms that could thrive in drier, more open habitats.
New World Taxa. The tree topology in Fig. 1 with two monophyletic stem clades of New World taxa is similar to that found by Bharathan et al. (2001) for trnL-F and ndhF. Clearly, much greater sampling of New World taxa is necessary to increase confidence in the results obtained. Nevertheless, it appears that only Rajania falls among the otherwise exclusively Old World B clade. Research by Lauren Raz (pers. comm.) indicates that a small number of Neotropical Dioscorea species allied to Rajania also nest there. Analysis of the combined data obtained by Raz and in this study is already planned. Figure 4 shows that the right-twining (dextrorse in the sense of Burkill 1960) habit has arisen at least twice in Dioscorea, with both clades and their positions having weak or strong bootstrap support (Fig. 1) . Further sampling may show multiple New World origins of right-twining, but it is present in only one clade here. The right-twining habit has clearly only evolved once in the Old World (see Enantiophyllum below). Underground part morphology (Fig. 2) is an area in which the New World taxa are data-deficient; D. convolvulacea may be rhizomatous (Sosa et al. 1987 ), but field-based research on underground part morphology is desirable.
Southern and Montane Africa. The biogeographical link between the species in this clade (Afr.) species makes further study particularly important. They have not previously been thought to form a taxon.
European Taxa. This clade (EU) is not present in the combined strict consensus tree, perhaps because D. pyrenaica has only been sequenced for rbcL (we need to collect more extractable material). It is found in the strict consensus tree for rbcL alone, although only the D. communis/Tamus (Dioscorea) edulis clade has weak bootstrap support. It is mainly of interest because the genus Tamus was separated from Dioscorea on the basis of it having a fleshy berry, whereas Dioscorea has a dry capsule. Berry-like fruits are also encountered in at least two other lineages in Madagascar, although in both D. ovinala and D. antaly (Fig. 1 ) the thick-walled fruit dries out and dehisces in the final stages of development. The first author has also seen a herbarium specimen from Bolivia that appeared to have a berry, although it was not fully mature and the fruits had been dried rather than preserved in spirit. Thus, this shift of dispersal strategy in Dioscorea does not merit generic segregation. Tacca, with many fewer species than Dioscorea, has much greater diversity in fruit morphology.
B Clade. This clade is the most economically important within Dioscorea because the major cultigens and many of the edible wild species are found in this clade. This is probably because many of the species in this part of the tree have annual tubers, in marked contrast to the clades at the basal nodes, which usually have perennial tubers (Fig. 2) . Unfortunately, information on the underground parts of the New World taxa of Dioscorea is lacking. It is probable, based on the optimization in Fig. 2 , that tuber evolution is an important source of diversity within the B clade of Dioscorea. For example, the compound-leafed species (CL clade) studied by Wilkin and Caddick (2000) have a diverse array of tuber forms. The low levels of molecular divergence among some of the B clade (D. tentaculigera to D. oryzetorum) shown by the short branch lengths suggests that the limit of resolution of the two genes studied has been reached for these taxa. Branch lengths for D. tentaculigera and Rajania (Dioscorea) cordata are noticeably higher than for other taxa in this part of the tree. The former in particular appears to be in a systematically isolated position. Prain and Burkill (1936) tentatively placed D. tentaculigera in D. sect. Stenophora on the basis of its capsule shape, though they had not seen its underground organs, but this study and its paired, vertically oriented tubers (Thapyai, pers. obs.) both contradict this.
Madagascar. One of the clades nested within the B clade comprises endemic taxa from Madascar (Malagasy). Only one endemic species from Madagascar does not fall in this clade, D. antaly. The clade of endemic Malagasy species is composed of two well-supported sister subclades. The first of these (D. bemarivensis-D. c.f. tanalarum) has seeds with a wing all round the margin ( Fig. 5 ; the plesiomorphic condition). The underground parts of D. arcuatinervis and D. bemarivensis appear similar, with long, terete tubers that spread horizontally through the soil and have swollen apices. Dioscorea bemarivensis is from western, seasonally dry forests, whereas D. arcuatinervis is found in littoral forest of the eastern coast, which receives yearround rainfall. The second subclade comprises species with basally winged seeds, in which rotational flight appears to improve dispersal distance when compared with the gliding flight of seeds that are winged all round the margin (Burkill 1960) . This adaptive change appears to have multiple evolutionary origins (Fig. 5) . All species of the second subclade possess two vertically oriented tubers (one shrinking, one growing) of even thickness. As in the D. bemarivensis-D. c.f. tanalarum clade, D. fandra, which is sister to the rest of the second clade, is a species from the dry southwest. The low levels of molecular divergence within this clade (as measured by the short branch lengths) may also indicate that it may have been a relatively recent radiation or rate change, in which changes in life history associated with shifts into wetter zones and changes in flower and fruit morphology played key roles. This hypothesis needs to be evaluated with a better sampled and resolved tree.
The position of D. sansibarensis is unresolved. It is found in the lowland tropics of Madagascar and Africa, especially in riverine habitats. It has an unusual seed wing; the seed is winged all around the margin, but expanded towards the base and apex of the capsule locule, making it narrowly oblong it is a bulbil-producer and thus easily dispersed. In the past it has been cultivated as both a famine food and a source of poison (Burkill 1985) .
There is no support in Fig. 1 for the sectional classification used by Burkill and Perrier de la Bâthie (1950) (Fig. 1) as well-supported clades within the CL clade (BP 96 and 99, respectively) . In the analysis of matK alone the two clades are sister with weak bootstrap support. It appears that matK is congruent with morphology for these taxa, but that there is insufficient variation in rbcL to show their sister relationship. Figure 1 indicates that entire-leafed species may be related to D. sect. Lasiophyton and D. sect. Botryosicyos. In the case of D. sect. Lasiophyton, D. antaly is the sister taxon with weak bootstrap support (BP 50). Dioscorea antaly is the only endemic Malagasy species not in the main Malagasy clade. It has always been thought to be unusual; it has unique branching tubers and a fruit thickened along its axis. Burkill and Perrier de la Bâth-ie (1950) separated it as D. sect. Xylinocapsa Burkill & H. Perr. It therefore appears that Madagascar has two endemic lineages of Dioscorea, one of which has radiated (the Malagasy clade) and one of which has not (D. antaly). D. sect. Botryosicyos has D. bulbifera as their sister species. Although this clade is not robust, it is present in the strict consensus tree obtained from rbcL alone. Dioscorea bulbifera is unresolved at the base of a combined compound-leafed clade in the strict consensus tree obtained from matK alone. All of these six taxa have seeds winged at the base only (Fig. 5) .
Enantiophyllum. This clade is congruent with past classifications; both Knuth (1924) and Burkill (1960) recognized the Old World right-twining species (Fig.  4) as D. sect. Enantiophyllum Uline. All of the species sampled (except the unusual Thai limestone endemic D. inopinata) also have opposite leaves, whereas the left-twiners are usually alternate. Prain and Burkill (1936) believed D. inopinata to be a hybrid between D. bulbifera and a right-twining species, but they may have been misled by its narrow, alternate leaves. The clade is clearly defined by right-twining stems and usually opposite leaves, but the limits of its ca. 80 species are often unclear. All of the species of this clade have putatively retained the plesiomorphic seed condition (winged all round the margin, Fig. 5 ), unlike many other B clade taxa of Dioscorea. African D. schimperiana, with its stellate hairs, appears to be sister to the remaining species in this clade. Similar stellate hairs are also found in four other African species and D. orbiculata Hook. f. from Asia, all of which are righttwiners. The African species with stellate hairs were placed in a separate section or sections by previous authors (e.g., D. sect Asterotricha Uline; Burkill 1960), but this is not supported by our results. Like the Malagasy clade, it appears from the low levels of molecular divergence that this group is a recent radiation or has a slower rate, but this needs further investigation.
The position of one species in this clade is of particular economic significance; D. alata, the winged yam, which is the most important cultivated yam in Asia. It has also been distributed westward and can be encountered in Africa and even the Americas. Prain and Burkill (1938) placed it in a group of species from Southeast Asia that share a flexuous male inflorescence. A recent AFLP study (Malapa et al. 2006) indicated that its affinities were with D. nummularia Lam., an edible species of the Malay Archipelago east to New Guinea. D. nummularia was thought to be a close relative of D. glabra by Prain and Burkill (1938) . The sequence data used here produces a similar result; the species with a flexuous male inflorescence are represented by D. hamiltonii (with which D. persimilis, studied by Malapa et al. 2006 , is synonymous) and D. brevipetiolata. These two species are resolved as sister species with BP 85. Dioscorea alata, however, does not fall within this clade when either the Fuse and Tamura (2000) matK sequence or one generated in this study are used.
In overall terms, the phylogenetic trees presented and discussed here appear to provide a framework to guide further research on Dioscorea. Monophyletic taxa such as D. sects. Stenophora and Enantiophyllum and the Malagasy clade need further work to resolve both the [Volume 30 SYSTEMATIC BOTANY limits of their species and the phylogenetic relationships between them. It is envisaged that this work will include both study of morphology and sequencing of at least one low-copy nuclear gene such as those used successfully in palms (e.g., Lewis and Doyle 2002) . Research on the macromorphology of the Malagasy species is already well advanced, and a pilot study using ITS has been started for the genus. The taxon sampling will be substantially increased by adding New World taxa and gap-filling among the Old World groups, especially the main cultivated and edible taxa and their close relatives. The morphological character optimizations show that comparative studies need to be targeted towards underground parts and seeds to try to uncover homologous characters for systematic use.
